Summary. Patterns of cell migration in the cerebellum of Salmo gairdneri RICHARDSON, 1836 were studied in fish ranging in length from 4.5 to 230 mm. Sagittal and transverse series were stained with haematoxylin-eosin or according to Nissl or Golgi. The cerebellum of the trout comprises three main parts, i.e. the massive corpus cerebelli, the folded valvula cerebelli and the transversely oriented lobus vestibulolateralis. The early cerebellar anlage is a simple plate, which is delimited from the tectum mesencephali by the fissura rhombo-mesencephalica. The histogenesis may be divided into three phases. During the first phase the matrix layer produces the mantle layer. During the second phase the three typical cerebellar layers are formed. The third phase is characterized by growth. As regards the first phase, the mantle layer develops throughout almost the entire extent of the cerebellar anlage. Only in a narrow paramedian strip (matrix zone M) this layer does fail to appear. In regions where the mantle layer is formed, the matrix no longer occupies the whole width of the wall and is termed the ventricular matrix. The largest part of the ventricular matrix is gradually exhausted. However, in some places this matrix persists as a layer of proliferating cells. This holds for the matrices of the caudal border of the cerebellum: matrix zone L, surrounding the lateral recesses of the fourth ventricle, and matrix zone P, connecting the matrix zones L. The mantle layer produced in the first phase of histogenesis mainly develops into the ganglionic layer. The second phase of histogenesis is characterized by the formation of a secondary matrix. Newly produced cells of the matrix zones M, L and P migrate away from their sites of origin towards the regions where a mantle layer previously has been formed. The majority of these cells develops into granule cells. Migration of the cells produced in the first phase of histogenesis occurs in the radial direction. Because of the curvature of the cerebellum this direction changes with respect to the main longitudinal axis of the brain from region to region. The migration paths of the granule cells show variable directions, namely (a) tangential followed by radial, for granule cells in the corpus cerebelli and in the medial parts of the valvula cerebeUi and the lobus vestibulolateralis, (b) tangential, for granule cells in the lateral parts of the valvula and (c) radial, for granule cells in 
Introduction
Investigations on the development of the teleostean cerebellum are scarce. Schaper (1894a, b) studied the morphogenesis and histogenesis of the cerebellum in the trout. From later years the papers of Franz (1911) , Palmgren (1921) , Rfideberg (1961) , Danner (1972) and Danner and Pfister (1973) , dealing with several aspects of cerebellar development in teleosts, may be mentioned. If we survey these studies it appears that a detailed and systematic analysis of the histogenesis of the teleostean cerebellum is wanting. The intention of the present and the following papers has been to fill this gap. The rainbow trout was selected for these studies since several of the above-mentioned investigators have studied the same species. Moreover, the trout is generally considered as a relatively simple and "generalized" teleostean fish. The histogenesis of the cerebellum of the rainbow trout will be described in a series of five papers with the following central themes: patterns of cell migration; early development; development of the neurons; development of the pattern of connectivity; glial cells and their development. The present study is the first of this series and deals with the migration paths during development. The final position of the three cerebellar layers, viz. molecular, ganglionic and granular layer, depends upon both the direction and the extent of migration of cells. It appears that the migration paths of cells in the developing cerebellum can be described in terms of the natural coordinate system. This system is formed by the ventricular and the meningeal surfaces, and by the orientation of structures that extend between these surfaces, i.e. matrix cells in young stages and glial cells, in particular, later on (cf. Nieuwenhuys, 1974) . Migration may occur parallel to the direction of these structures (radial migration), or parallel to either the meningeal or the ventricular surface (tangential migration). The term migration will be used for all movements by which the nuclei of cells attain their ultimate position, whether it be translocation of entire cells or of their nuclei.
Prior to the analysis of the migration patterns some notes on the structure of the cerebellum of the adult trout and on its morphogenesis will be presented.
Material and Techniques
The material consisted of embryos or brains of Salmo gairdneri RICHARDSON, 1836 . The length of the animals ranged from 4.5 to 230 ram. It is noteworthy that hatching occurs when fish attain a length of 13 mm. Trout of about 140 mm are considered as adult. The difference in length between successive stages was 1-2.5 mm for animals up to 25 ram, about 5 mm for animals of 25-60 ram, and 10 or more mm for larger animals. Before fixation, fish were anaesthetized in a 0.025% solution of M.S. 222 (Sandoz), or a 0.5% solution of urethane. Embryos were directly placed in the fixation fluid. As soon as the eggs were hardened, their tough outer membranes were removed. Up to a length of 70 mm the trout were fixed by immersion. The fixation of larger animals was generally performed by perfusion through the heart. For the Golgi techniques immersion fixation was employed. Fish smaller than 50 mm were fixed in Bouin's fluid, dehydrated and embedded in paraffin. The material was sectioned at 7/am for staining with haematoxyfin-eosin (H.E.), and at 12, 15 or 20/am for staining according to Nissl. Of each stage at least one sagittal and one transverse series, stained according to each of these two techniques, were prepared. Fish larger than 50 mm were fixed in Bouin's fluid or Heidenhain's Susa mixture, sectioned in the sagittal or transverse plane, and stained according to Nissl. From fish smaller than 20 mm, two specimens of each stage were prepared by the rapid Golgi tecnique. At least four Golgi series were made of trout of about 20, 25, 30, etc. mm each. The rapid Golgi technique was performed with single or double impregnation. The material was sectioned at a thickness of 80 gm in the sagittal or transverse plane.
In order to elucidate the spatial configuration of the cerebellum and adjacent structures during development, three-dimensional reconstructions including the mesencephalon and rhombencephalon were prepared of the following stages ': 7, 10.5, 11.5, 14, 15, 16 and 23 mm. In addition threedimensional reconstructions have been made of the isolated matrix layer of the 10.5 and the 15 mm stage. All of these reconstructions are based on transverse H.E. stained series. The outlines of every third section were drawn at a magnification of 190x. The drawings were transferred to styrofoam plates of 4 mm thickness, and then these plates were cut with a hot wire along the outlines of the drawings. Subsequently the plates were stacked, using sagitally sectioned series of the same stages as a reference. In addition a three-dimensional reconstruction was made of the brain of a trotit of 230 mm at a magnification of 40x.
The terms sagittal and transverse are used with respect to the main longitudinal axis of the brain. 
Results
Notes on the Structure of the Mature Cerebellum. The cerebellum of the adult trout comprises three main parts: the corpus cerebelli, the valvula cerebelli and the lobus vestibulolateralis (Fig. 1) . The corpus cerebelli is a massive structure arching over the fourth ventricle of the rhombencephalon. The relatively thin-walled valvula cerebelli extends into the ventricle of the midbrain. The lobus vestibulolateralis is a transversely oriented structure; caudally the roof of the fourth ventricle is attached to it. Laterally this lobe surrounds the lateral recesses of the fourth ventricle. The so-called eminentiae granulares represent the most rostrolateral parts of the lobus vestibulolateralis (Fig. la) . Corpus and valvula as well as vestibulolateral lobe contain the three typical cerebellar layers, granular, ganglionic and molecular (Fig. lb) .
Notes on the Morphogenesis. The cerebellum of the trout develops from a bilaterally symmetrical, plate-like anlage (Fig. 2) and attains its mature shape by the following events: (1) curvature of the anlage, (2) development of bilateral bulges on the brain wall, just in front of the lateral recesses of the fourth ventricle, and (3) obliteration of almost the entire ventricular cavity of the strongly developing corpus cerebelli.
The curvature of the cerebellum during development is shown in Figure 3 . The cerebellar anlage, being the caudal wall of the fissura rhombo-mesencephalica, extends forward (Fig. 3a, b) and then grows backward and downward (Fig. 3c, d , arrow a). A transversely oriented groove develops in the middle of the cerebellar anlage, indicating the boundary between the corpus and the valvula cerebelli ( (Fig. 3e, f) , partly delimiting the future lobus vestibulolateralis from the corpus eerebelli. The valvula cerebelli, at first consisting of one fold, protrudes rostraUy into the ventricle of the midbrain. During further development the valvula is thrown into a number of folds (Figs. 3f, g, lb) .
In the 6 mm stage distinct bilateral bulges appear on the brain wall, just in front of the lateral recesses (cf. Fig. 8c ); they participate in the formation of the vestibulolateral lobe. During further development these eminences expand rostrally (Fig. 9c ).
The corpus cerebelli shows a strong, medially directed outgrowth of both its halves, i.e. the "lateral thickenings" of Schaper (1894a, b) . Eventually these lateral thickenings fuse in the median plane, thereby obliterating the ventricular cavity in this region except for a narrow channel, the canalis cerebelli (Figs. 3g, 6 ).
Notes on the Histogenesis. The histogenesis of the cerebellum of the trout may be divided in three phases. During the first phase the matrix layer produces the mantle layer. During the second phase the three typical cerebellar layers are formed. The third phase is characterized by growth.
The First Phase. Early in development the cerebellar anlage is represented by a lamina of pseudostratified epithelium, consisting of proliferating cells. Following Fujita (1962) , I will call these proliferating elements matrix cells. As in other vertebrates, matrix cells are elongated and possess ellipsoid nuclei, which are rather darkly stained by haematoxylin. The matrix consists of 5 to 6 rows of nuclei, the cells extending over the whole width of the wall. A part of the wall, viz. the paramedian region, will retain these characteristics permanently. From here on this region will be called matrix zone M (Fig. 5a-c) . In all other parts of the cerebellar wall a mantle layer, situated peripheral to the matrix layer, is formed (Fig. 4) . Its constituent cells will be termed mantle cells, since a distinction between neuroblasts and glioblasts could not be made. Mantle cells are more loosely arranged than matrix cells; moreover, the nuclei of the former are rounder than those of the latter. During formation of the mantle layer the matrix no longer occupies the whole width of the wall and is termed then ventricular matrix. During further development a large part of the ventricutar matrix is used for the formation of a mantle layer and is gradually exhausted (Fig. 5c ). However, in some places the ventricular matrix is not entirely exhausted, but persists as a layer of proliferating cells. This holds for two matrix zones, which will be designated as zones L and P. Matrix zone L surrounds the lateral recesses of the fourth ventricle (Fig. 5c ), and matrix zone P connects the left and right matrix zone L (Fig. 5d) . A schematic representation of the first phase of histogenesis is given in Figure 8 . This and the following figure are largely based upon observations on the extent of the various layers and the orientation of neurons and glial cells and their processes, made in H.E. and Golgi material. By comparing series with different planes of sectioning, the structure of the cerebellum in the various stages and its histogenesis can be analysed. During the first phase of histogenesis the ventricular matrix delivers the mantle cells in a radial direction. However, since the orientation of the matrix cells with respect to the main longitudinal axis of the brain changes from region to region, (Fig. 8a) . The migration paths of the mantle ceils in the valvula cerebeUi change their orientation from dorsolateral near matrix zone M, to lateral in the region surrounding the angulus lateralis of the ventricle (Fig.  8b) . Mantle cells originating from matrix zone L migrate largely in the rostral direction (Fig. 8c, d4) . The mantle layer produced by this matrix zone forms, together with the mantle layer delivered by the matrix surrounding the angulus lateralis of the ventricle rostral to the lateral recesses, an eminence of the lateral brain wall (Fig. 8b,  c) . Fibre bundles will divide the cell mass in the rostral part of this eminence into a medial and a lateral part. Matrix zone P delivers the mantle cells in the rostro-dorsal direction (Fig. 8d 2, d3) . In summary, the first phase of early histogenesis is characterized by (1) the formation of a mantle layer peripheral to the matrix layer, the mantle cells migrating in a radial direction, and (2) the exhaustion of the matrix, except for the zones M, L and P. The Second Phase. This phase, which commences before the first phase has been entirely completed, is characterized by the formation of a secondary matrix. Newly 
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produced matrix cells of the matrix zones M, L and P migrate away from their sites of origin towards the regions where a mantle layer previously had been formed. As will be detailed below, this migration may occur in either a radial or a tangential direction. The migrating cells are termed secondary matrix cells. They have the same staining qualities as the matrix cells in the zones M, L and P and are elongated as the latter. Mitoses are observed among them. During the second phase of histogenesis the formation of the cerebellar layers is established, i.e. molecular, ganglionic and granular layer. In general it can be stated, that (1) the ganglionic layer develops from the mantle layer, (2) the granular layer originates from the secondary matrix, and (3) the molecular layer is built up by processes of cells situated in the ganglionic and granular layers. Exceptions to these general rules will be mentioned below.
The way in which the cerebellar layers are established is elucidated in Figure 9 . The various regions of the cerebellum will now pass in review.
The Corpus Cerebelli (Fig. 9a) . Secondary matrix cells originating from matrix zone M first migrate tangentially over some distance. Subsequently, these elements migrate radially and finally settle near the ventricular surface. These cells differentiate into granule cells. In regions where the lateral thickenings have fused, granule cells will form a mass of cells in the core of the corpus cerebelli (Fig. 7b) . Most mantle cells will occupy a position peripheral to the primordial granule cells, but a number of them are found within the developing granular layer. The neuronal mantle cells differentiate synchronously with these granule cells into the large neurons of the cerebellum. Those situated in the granular layer develop predominantly into Golgi cells, all others into Purkinje or eurydendroid ceils, i.e. the neurons of the ganglionic layer. The development of these cell types will be described in the third paper of the present series. The earliest differentiating large neurons are recognized in those areas where the secondary matrix is most strongly developed, viz. in the vicinity of the matrix zones M, L and P. Here the first parts of the molecular layer appear as well, since the development of this layer keeps pace with the development of the ganglionic and granular layers.
The Valvula Cerebelli (Fig. 9b) . In this part of the cerebellum a number of secondary matrix cells follow migration paths comparable to those described above and settle as granule ceils near the ventricular surface. However, many secondary matrix ceils perform only a tangential migration and settle then lateral to the developing ganglionic layer (Fig. 7a) . As in the corpus, some mantle cells become embedded in the developing granular layer and differentiate into Golgi cells.
The Region Rostral to the Lateral Recesses (Fig. 9c) . Secondary matrix cells produced by matrix zone L migrate radially, i.e. in the same direction as the mantle cells (Fig. 5a ). The lateral cell group and the ventral part of the medial cell group will develop into rhombencephalic nuclei. The dorsal part of the medial cell group will differentiate into the nucleus cerebelli, described by Pearson (1936) in the adult trout. Matrix zone L passes medially into matrix zone P. The structures produced by both matrix zones are therefore also continuous. The cerebellar derivatives of these matrix zones together constitute the lobus vestibulolateralis.
The Region Bordering upon Matrix Zone P (Fig. 9dl-4 ). Matrix zone P passes medially into matrix zone M (Fig. 9d 1) and laterally into matrix zone L (Fig. 9d4) . The migration paths of cells originating from these two zones are described above. From medial to lateral the orientation of the matrix cells in zone P turns about 180 degrees. As depicted, the migration paths of the secondary matrix cells change direction in the following manner: in the vicinity of matrix zone M most cells perform tangential migration, followed by radial migration (Fig. 9d2) , in the vicinity of matrix zone L most cells perform radial migration only (Fig. 9d3) . After migration through the mantle layer bordering upon matrix zone P, the secondary matrix cells take part in the formation of the cerebellar granular layer. The mass of newly produced granule cells passes gradually over into the eminentiae granulares laterally and into the granular layer of the core of the corpus cerebelli medially. As elsewhere, the neuronal mantle cells between the granular layer and the secondary matrix differentiate into the large neurons of the ganglionic layer. Simultaneously, a molecular layer develops between the secondary matrix and the ganglionic layer.
The Third Phase. When the cerebellar layers essentially have been formed, further development is characterized by growth (cf. Fig. 3e-g ). General trends are the increase in thickness of the granular and molecular layers and the thinning out of the ganglionic layer. Apparently no new large neurons are added to the last-mentioned layer; the available cells spread over an expanding area. However, the individual neurons show considerable increase in size. The granular layer thickens by growth of its constituent cells, particularly their processes, and also by addition of new cells, which originate from the secondary matrix. The thickening of the molecular layer is chiefly due to the increase in number and size of its constituent structures: processes of the cells of the ganglionic and granular layers; a limited number of neurons, viz. the steUate cells, originating from the secondary matrix, are added to this layer.
The tangentially migrating cells of the secondary matrix gradually extend further away from their sites of origin, but an uninterrupted submeningeal layer, as occurs in higher vertebrates, is never formed. In the adult trout a superficial, discontinuous layer is present; its constituent cells should perhaps still be considered as matrix cells. The production of granule cells by matrix zones P and L extends over a long period. In young trout of about 30 mm total length, granule cells are found bordering upon the matrix zones, i.e. in the same area as the secondary matrix cells. These granule cells have differentiated in situ, without previous migration through the molecular layer. Their number increases with age.
The third phase of histogenesis does not end when fish reach maturity, since they are growing during their whole life-span.
Discussion
To gain an insight into the development of the cerebellum of the trout, two aspects appeared to be essential. The first is the differential development of the matrix layer. The second is the orientation and migration paths of the cells during development. As has been shown, a mantle layer is formed during the first phase of histogenesis in all parts of the cerebellum, except for the paramedian region, i.e. matrix zone M. The formation of the mantle layer results in the gradual exhaustion of the ventricular matrix layer, with the exception of the caudally situated matrices, viz. matrix zones L and P. During the second phase of histogenesis the persisting matrix zones M, L and P provide the secondary matrix cells. The three cerebellar layers develop from the mantle layer and the secondary matrix. The final position of the layers, formed during the first and the second phase of histogenesis, is determined by the migration paths of their constituent cells. These migration paths depend on the orientation of those elements, which remain fixed in their position between the ventricular and the meningeal surface, that are in early stages of development the matrix cells and later on the glial elements (of. Pouwels, 1978) . Due to the curvature of the cerebellum, the orientation of the fixed cells changes from region to region. Considering the factors mentioned above, histogenesis appears to be a complex process (Figs. 8 and 9 ). However, if the curvature and the differential thickening of the cerebellum are left out of consideration, the histogenesis of the cerebellum of the trout can be summarized in a rather simple way, as shown in Figure 10 . During the first phase of histogenesis the ventricular matrix produces mantle cells in the radial direction, away from the ventricle. During the second phase matrix zone L continues to produce cells, by this time secondary matrix cells, in the same direction. Near matrix zone M the situation is different: a secondary matrix layer is formed under the meningeal surface and the subsequent radial migration of the secondary matrix cells, when talking place, is directed towards the ventricular surface. Hence, in those parts of the cerebellum where the secondary matrix originates from matrix zone M and both tangential and radial migration occur, the granular layer will be situated near the ventricular surface and the molecular layer near the meningeal surface. The region produced by matrix zone L shows the reverse condition. Still another condition is found in the valvula cerebelli, where part of the secondary matrix cells perform only tangential migration; here the granular layer will be formed lateral to the other two layers, extending from the ventricular to the meningeal surface. Matrix zone P is not included in the schemes of Figure 10 , since this zone is transitional between matrix zones M and L.
It has been pointed out above, that the position of the cerebellar layers in the region of the lateral recesses is such that the granular layer is the most superficial. This condition is generally found in teleosts. However, in the holostean cerebellum the granular layer of this region is adjacent to the ventricular surface whereas the molecular layer is the most superficial one (cf. Nieuwenhuys, 1967) . It is hypothesized in the present study that the variable position of the cerebellar layers is due to which type of migration pattern is operational, the "matrix zone M type" or the "matrix zone L type". The results on the establishment of the cerebellar layers are difficult to reconcile with those of R/ideberg (1961) . That author studied migration patterns in the cerebellum of various vertebrates, among them the teleosts Esox lucius and Salmo salar. In imitation of Bergquist and KS.lltn (1954) RiJdeberg distinguishes migration layers, each layer being composed of cells which have originated from the same matrix layer in the same period. For example, migration layer B in the cerebellum of Esox and Salmo would constitute the main mass of the granular layer as well as the layer of Purkinje cells. On the contrary, the present study showed that Purkinje cells and granule cells have a different origin and follow entirely different migration paths. The studies of Danner (1972) and Danner and Pfister (1973) deal with the development of the cerebellar layers in the rainbow trout; these authors distinguished a ventricular matrix giving rise to the mantle layer in early development, and an "external granular layer" originating from the matrix in the median region and giving rise to the "internal granular layer" in post-embryonal development. The authors mention the presence of a matrix surrounding the lateral recesses of the fourth ventricle. Migration of the cells in these lateral regions is thought to occur in the same way as the migration of the "external granular" cells produced by the matrix in the median region. However, the present study revealed that characteristic differences exist in the migration paths of cells produced by the matrix zones of various regions (Fig. 10) .
The term secondary matrix was introduced -instead of the terms superficial or external granular layer or external germinal layer, which are commonly used in developmental studies of the cerebellum of higher vertebrates -since the secondary matrix cells of the trout do not form a superficial layer in all regions (Figs. 7, 9) . A further difference of this matrix in the trout with the comparable layer in higher vertebrates, is its long-lasting proliferative activity. The external matrix layer of mammals and birds is exhausted some weeks after its appearance, whereas the proliferative period of the secondary matrix in the trout lasts at least some months. Even in the adult trout, cells are found with the morphological characteristics of secondary matrix cells.
